Glass fibres are a popular choice of material for large structural applications.
Introduction
Composites are used extensively in engineering with the majority of industrial applications being made of glass, as they provide a balance between performance and cost. These are often paired with vinylester resins which provide higher fracture strains than typical polyesters and hence produce composites with superior mechanical properties, impact resistance and fatigue life. For large engineering structures composite joints between plates, stiffeners and other sub components are often post-cured due to the scale of the production process.
Typical interfaces contain a chopped strand mat (CSM) layer to provide a path of least resistance for the resin infusion between the stiffener and the plate.
Debonding of subcomponent parts is a common failure mode of these types of structures however the characterisation of these typical post-cured interfaces is not well documented.
Many authors have already investigated fracture properties for heavy weight woven co-cured joints however, the associated mechanical characterisation is lacking. Mouritz et al. [1] conducted mode I tests on post-cured alternating plies of plain woven roving and chopped strand mat, quantifying its effect on the interface but the results for this data are unclear. Aside from this work chopped strand mat fracture toughness properties are not documented in the literature for mode I and not investigated for mode II crack opening at all.
Due to the importance of fracture in failure of composites a number of authors are characterising these properties for different materials, Katsiropoulos et al. [2] , Campilho et al. [3] and Wang et al. [4] . Furthermore authors have investigated the effect of stiffener skin debonding for co-cured and post-cured manufacture, Yap [5] , Meeks et al. [6] , Orifici et al. [7] and Yetman et al. [8] , but have neglected the CSM layer which is present in stiffener-plate joints.
When modelling such structural interfaces a complete data set is required, drawing upon multiple and non similar sources can lead to significant errors due to the variation in manufacturing methods, fibre volume fraction, weave structure, fabric weight and sample thickness. This paper therefore presents a full data set of mechanical characterisation tests along with the interface properties in mode I and II for co-cured and postcured samples. The effect of the post-cured layer is quantified and compared for both mode I and mode II. Bi-linear models for tension and shear are proposed for woven roving materials and guidance is given on performing these tests for woven roving materials.
Mechanical Characterisation
The material considered is a Scott Bader Crystic Resin VE679-03PA with a balanced 600gsm woven roving typical of resin infusion based builds. The resin is a pre-accelerated, DCPD modified, vinylester resin, developed for use as an infusion resin. As the fabric is balanced the material is tested in a single direction parallel to the fibre. Test standards are not available for woven fabrics therefore uni-directional or multi-direction standards are used as a guide.
Tensile, compressive and shear tests are conducted.
Tensile
Coupons were tested under tension to BS ISO EN 527-4:2009. Type 3 coupons are used as defined in the standard: 250mm in length and 25mm in width with 150mm between the end tabs which are 50mm in length; two thickness are investigated, 7.5mm and 5mm. Two strain gauges are mounted to the front surface one parallel and one perpendicular to the loading direction.
The in-plane stress-strain curves for the two sample thicknesses are shown in figure 1. There is an initial hardening phase, as described by Cox [9] and Zhou and Davies [10] , which is attributed to 'inelastic' straightening of the crimped in-plane tows which was visually observed during the experiments. This results in a bi-linear stress-strain relationship for the 5mm samples and to a lesser extent for the 7.5mm samples. The initial and final stiffness for the 5mm and 7.5mm samples are shown in table 1. The coefficient of variation (CoV) for each value is low, with a maximum of 6.68%, giving good confidence in the results.
Compression
Compressive coupons are performed to BS ISO EN 14126:1999. Coupon type B1 is used with 110mm length, 5mm thickness, 10mm width and 10mm between the end tabs of 50mm in length. 2mm end tabs are manufactured from
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• biax aligned with the fabric 0 • direction with the load direction. It was
Shear
not possible to machine the tabbing flat however little deviation was observed in the thickness of both the tabbing and test laminates. Load, displacement, and strain gauge readings were recorded continuously until the specimen fractured.
Strain gauges were mounted on the front and back surfaces of the specimen and aligned with the loading direction, the average strain is calculated from both surfaces. It is noted that the strain on the front and back gauges remained negative through the tests indicating that global buckling of the specimen did not take place in any of the samples. Samples where shear failure occured at the tabbing-coupon interface were discarded. The results are summarised in The shear stress strain relationship may be approximated by a bi-linear approach. However, an initially elliptical relationship followed by a linear relationship provides an improved fit:
Flexural Modulus
The flexural modulus was tested to BS ISO 14125:1998. 6 samples were tested under three point bending with a coupon width, b, of 15mm, and a thickness, h, of 5mm; the distance between the outer rollers, L, is 64.5mm.
The flexural modulus is calculated between a surface strain of 0.005 and 0.0025 as recommended in the standard. The beam was tested until failure which was observed on the upper surface adjacent to the roller. The average flexural modulus is 22634MPa with a low coefficient of variation of 1.8%. There is a non-linearity exhibited which initiates at roller displacements between 0.7mm and 1.4mm. It is suggested that this non-linearity in bending is associated with the straightening of the fibres in tension as presented in the tensile tests.
Fracture Properties
Mode I DCB and mode II ENF tests are conducted for co-cured samples illustrating a delamination and for post-cured samples which contain a chopped strand mat, CSM, layer at the sub-laminate interface. Post-cured samples are manufactured by infusing the laminate in 2 hits with the first 2.5mm sublaminate initially infused and the teflon layer, chopped strand mat and woven roving plies post-cured onto the first sublaminate.
Mode I Strain Energy Release Rate Co-Cured
The mode I critical strain energy release rate is assessed by DCB tests conducted using BS ISO EN 7991:2001. The reference states that a minimum of 4 specimens are required. The coupon dimensions are not specified in the standard and are set to represent the full scale structure with a mid laminate crack; 2.5mm arm thickness for a total laminate thickness of 5mm. The initial crack length is approximately 30mm, the coupon width is 25mm and the coupon length 150mm. The sides of the specimen are spray painted white and marked at every 1mm from the end of the crack tip for 10mm and then every 5mm for a total distance of 65mm from the crack tip as defined by the standard. A test block is adhered to the ends of the specimen, using araldite 2014, ensuring both the center of the hole for loading and the front of the load block are aligned on the upper and lower side.
The width and thickness are measured at three locations along the length, averaged and the initial crack length is measured on each sample prior to testing.
Initial tests are conducted to create a pre-crack; the samples are loaded at a rate of 1mm/min until the crack is seen to propagate and a loaded drop is observed.
The specimens are then unloaded fully at a rate of 5mm/min. The crack lengths are measured on both sides of the specimen to ensure the crack has propagated perpendicular to the coupon length. The sample is loaded again monitoring the crack length using a DSLR camera until the crack reaches a length of 65mm from the initial crack tip. The load deflection response is synchronised with the crack length data observed visually, the sample is then unloaded at a rate of 5mm/min. tests the 5% change in compliance occurs prior to the maximum load. The 5% change in compliance gives a standardised approach to characterising the nonlinear response however the initial load drop is followed by a further increase in load and the critical load is sensitive to the specified compliance change, in this case 5%, resulting in a high degree of variation. Therefore the visibility method is recommended for this case. A typical load deflection curve shown in figure 4 illustrates the slip-stick nature of the crack propagation. Ebeling et al. [11] showed that the crack growth in woven fabric composites is dominated by fibre/matrix interface debonding following the undulating pattern of the yarns. To post-process this slip-stick propagation Mouritz et al. [12] determined the critical strain energy release rate from pre-determined values of the crack growth. However, Davies and Moore There is an inherent variability in the alignment of the fabric and relative location of the adjacent plies. This variability is particularly apparent for interlaminar properties where the local roughness and variation in alignment and the weave structure lead to resin-rich areas which allow larger plastic yield zones to develop ahead of the crack tip [14, 11] . Naik et al. [15] show there are other natural variations which cause the properties to vary between samples, which are particularly prominant for interlaminar properties.
Specimen width has been shown not to affect the fracture toughness of unidirectional composites [16] however, it is evident from the study here that it is a critical parameter for woven composites. It is suggested that the result could be improved by eliminating the bridged tows by defining the edges of the specimen using teflon strips to prevent adhesion of the cut tows. E-glass vinylester mode I results from other authors are presented in 
Mode I Strain Energy Release Rate Post-Cured
The same three methods are used to calculate the crack initiation values with the results shown in table 3, with a 10.5% variation between the methods.
Multiple load drops occur in these post-cured samples prior to the peak load resulting in a change in stiffness and prior to the crack becoming visible. The least variation is observed for the non-linear method in this case.
For the post-cured samples a resistance curve is evident with an increase in strain energy release rate with crack length over the first 15-25mm. Samples 6a2-6a5 exhibit a plataeu in the strain energy release rate for a crack length of 60mm and greater. Good agreement is shown between samples 6a3-6a5 whilst higher strain energy release rate values are shown for samples 6a1-6a2. The initial linear increase is more pronounced for samples 6a1 with an increase in strain energy release rate for a crack growth of up to 30mm.
Unlike the co-cured samples a uniform slip-stick behaviour is not shown in these samples due to the irregular interface. The data is therefore averaged in the plateau region for a crack length of greater than 60mm and shown in table 3. The results show there is similar variation about the average for each sample in the region of 11.5-17.3% however the coefficient of variation across the full data set is greater at 20.7%. This is largely explained by the difference between the samples in the relative alignment of chopped fibres parallel to the crack propagation direction introduced by the CSM layer. Fibres aligned to the loading direction provide a greater force, acting over a longer length and acting in parallel with more fibres, resulting in higher critical strain energy release rates. Fibre bridging is apparent in all samples and occurs for approximately 30mm behind the crack tip. However, it is clear from the observations during the test that samples 6a1 and 6a2 have a higher degree of alignment in the CSM layer to the loading direction. Sample 6a1 shows that a number of fibres bridge the sub-laminates ahead of the teflon layer and provide a resistive force prior to breaking at a visible crack length of 85-90mm.
Mode II Strain Energy Release Rate Co-Cured
The mode II strain energy release rate is calculated using the end notch flexure technique and ASTM D7905/D7905M-15. The experimental setup and dimensions are shown in figure 5 . The specimen roller radius used was 10.0mm
for all three rollers, the distance between rollers, length, is 50mm, width, 20mm, and thicknesses, 5mm, are measured from each specimen. A Teflon insert is used for the pre-crack as used in the DCB tests.
The edges of the specimen were spray painted white to determine the crack tip and crack growth. The compliance method was used as outlined in the stan-
dard. The compliance is tested for a 20mm, 30mm and 40mm crack length and a relationship between the specimen compliance and crack length is determined.
The specimen is then loaded at a crack length of 30mm until the crack ad-vances whilst monitoring the load and displacement. The unloading compliance is then used to determine the crack advancement for future tests. The peak load is used to establish the critical strain energy release rate. The process is then repeated for the pre-cracked sample to re-establish the compliance relationship and determine the peak load for further crack advancement.
The results are tabulated in table 4 
Mode II Strain Energy Release Rate Post-Cured
The mode II experiments described in the previous section are repeated for a post-cured specimen containing a layer of chopped strand mat at the cracked interface. The results are presented for these specimens in table 4. The non pre-cracked samples showed an average critical strain energy release rate of 1.12 with a coefficient of variation of 12.6% whereas the pre-cracked samples increased by 42% to 1.59 with a similar coefficient of variation of 12.3%. Both critical strain energy release rates are increased in the post-cured specimen relative to the co-cured specimen by 47.2% and 70.0% for the NPC and PC specimens respectively. For both the non pre-crack and pre-cracked specimen this is due to the introduction of the CSM which is likely to provide a path of least resistance for the resin during the infusion process. This results in a higher resin content at the interface between the sub-laminates and larger resin filled areas which allow larger plastic yield zones to develop ahead of the crack tip. The coefficient of variation is increased in the post-cured samples which is likely to be due to the variation in the chopped strand mat layer which provides a varied interface between the two sub-laminates.
Conclusions
Many large structures are manufactued using woven roven glass fibres but a consistent fracture characterisation of these materials is missing from the literature. In this paper the material is characterised in tension, compression, shear and flexure to provide a full set of the necessary characterisation data for a typical lay-up. The non-linearity of the woven roving in tension and shear is characterised. Mode I and mode II fracture properties are compared for co-cured and post-cured joints in heavy weight glass vinylester woven roving typical of the marine industry. Specimen width has been shown not to affect the fracture toughness of unidirectional composites however it is shown here that it is a critical parameter for woven composite and this requires further investigation. Post-curing is shown to have a considerable effect on the fracture properties where the CSM mat is shown to increase the mode I critical strain energy release rate by 17.4% and the mode II critical strain energy release rate by 70%. 
